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Immune responses to some antigens are stronger than others. The findings of Nelson and colleagues indicate that a T cell response can be weak because the eliciting foreign peptide resembles a self peptide to which the host is tolerant.
INTRODUCTION
Naive T cell populations vary in size over several orders of magnitude (Alanio et al., 2010; Campion et al., 2014; Flesch et al., 2010; Kotturi et al., 2008; Kwok et al., 2012; Legoux et al., 2010; Moon et al., 2007; Obar et al., 2008; Schmidt et al., 2011; Su et al., 2013; Tan et al., 2011) . It remains unclear, however, which factors account for this variability. The chemistry of the interaction between certain major histocompatibility complex bound peptides (p:MHC) and the T cell antigen receptor (TCR) is one important determinant (Chu et al., 2010; Turner et al., 2005) . Alternatively, foreign-p:MHC-specific T cell populations with a high degree of cross-reactivity for self-p:MHC encountered during thymic development might be pared by negative selection.
This possibility, however, has been difficult to assess because the rules for TCR cross-reactivity have not been determined.
Recent progress, however, has been made in this area for p:MHCII-specific TCRs expressed by CD4 + T cells (Birnbaum et al., 2014; Lucca et al., 2014; Su et al., 2013) . Peptides of up to 20 amino acids bind to MHCII molecules via a nine amino acid core sequence (Rudolph et al., 2006) . Certain amino acids within the core nonamer, often at positions 1, 4, 6, and 9, anchor the peptide by fitting into discrete pockets in the MHCII groove (Painter and Stern, 2012) . The amino acids at positions 2, 3, 5, and 8 generally point up and out of the MHCII binding groove. Complementarity determining region (CDR) 1 and 2 of the TCR interact with the MHCII molecule, whereas CDR3 interacts mainly with the upward pointing residues in the peptide (Marrack et al., 2008) . Using soluble TCRs to probe yeast-displayed MHCII-bound peptide libraries, Birnbaum et al., (2014) found that a single TCR could bind dozens of peptides with similar TCR contact amino acids but very different MHCII anchor amino acids. If TCR specificity is determined by only 4 of the 9 amino acids in a peptide, then 1 in 160,000 (20 4 ) MHCII-bound peptides will have the same TCR contact amino acids and thus bind to the same TCR. Because a mammalian proteome can theoretically produce many more than 160,000 different MHCII-binding peptides, any one MHCII-bound foreign peptide could have several self-peptide homologs. These homologs could reduce the size of foreign peptide-specific populations by causing clonal deletion. Because different foreign peptides could have different numbers of self-peptide homologs, the corresponding naive cell populations could undergo different degrees of selection and vary in size for this reason.
We tested this premise in C57BL/6 (B6) mice, which express the I-A b MHCII molecule. We confirmed that TCR specificity for peptides bound to I-A b (p:I-A b ) depended primarily on five TCR contact amino acids and was relatively independent of the nature of the MHCII anchor residues. This type of TCR cross-reactivity reduced the size of T cell populations specific for foreign peptides that had many self-peptide homologs. In addition, an incompletely deleted naive population specific for a tissue-restricted self peptide could be primed with I-A b -bound bacterial peptides that matched the self peptide at TCR contact amino acids. Thus, TCR cross-reactivity between similar self and foreign peptides influences the composition of the foreign peptide-specific T cell repertoire via clonal deletion and accounts for the capacity of microbial peptides to trigger autoimmunity to a self peptide. bound foreign (non-mouse) peptides vary in size in B6 mice (Moon et al., 2007) . We enumerated many more populations to estimate the normal range and to set the stage for assessment of the effect of clonal deletion by related self (mouse) peptides. A p:MHCII tetramer-based cell enrichment and flow cytometry strategy (Moon et al., 2007 (Moon et al., , 2009 ) was used to identify naive CD4 + T cell populations in B6 mice specific for the first 20 different I-A b -bound foreign peptides listed in Table 1 . In each case, cells from the secondary lymphoid organs were stained with a pair of I-A b tetramers containing the same peptide but labeled with different fluorochromes to maximize the TCR specificity of the assay (Stetson et al., 2002; Tubo et al., 2013) . Tetramer-bound cells were then labeled with magnetic beads, enriched on magnetized columns, and stained with antibodies specific for informative surface markers. The tetramer-bound cells in the bound fraction were detected by gating on lymphocyte-sized single cells that expressed CD90.2 but not B220, CD11b or CD11c, and CD4, but not CD8 ( Figure 1A ). Most double tetramer-binding cells had the CD44 lo phenotype of naive cells, indicating that these mice, which were housed in a specific pathogen-free facility, had no prior exposure to these epitopes ( Figure 1B Mice were then immunized with the 20 peptides emulsified in complete Freund's adjuvant (CFA) to test the hypothesis that naive cell number predicts the magnitude of the effector cell response (Jenkins and Moon, 2012) . Immunization caused the relevant p:I-A b -specific T cells to expand and induce CD44 expression 2 weeks after immunization (Figure 1B, right columns) . The number of effector cells corresponded to the number of naive cells in most cases ( Figure 1C ). Naive cell number predicted 64% of the variance in the number of effector cells generated in response to peptide immunization across the 20 CD4 + T cell populations ( Figure 1D ).
The interferon-g Enzyme-Linked ImmunoSpot (ELISPOT) assay (Streeck et al., 2009 ) was then used to confirm the effector cell population size measurements with a test that did not depend on tetramer binding. B6 mice were immunized with a pool of 19 peptides emulsified in CFA. Two weeks later, the spleen and lymph nodes from individual mice were assayed by p:I-A b tetramer-based cell enrichment or ELISPOT. A highly significant correlation was observed between the numbers of effector cells in the p:I-A b -specific populations detected by each assay ( Figure 1E ). This result validated the use of tetramer-based cell enrichment to measure the sizes of p:I-A b -specific populations and solidified the conclusion that the magnitude of the effector cell response is related to the size of the relevant naive cell population. The lack of a perfect correlation between naive and effector cell numbers, however, indicates that other factors influence the magnitude of the primary immune response such as how well or long a peptide binds MHCII or engages regulatory T cells (Sant et al., 2013) . Zhu et al. (2003) and Liu et al. (2002) for each peptide. The # signs refer to peptides that were locked into the I-A b molecule in the indicated register by a disulfide trap strategy (Stadinski et al., 2010) . The ESAT6 peptide is from the ESAT6 protein of Mycobacterium tuberculosis (Reiley et al., 2010) ; the FliC, STM1540-3, and STM1540-1 peptides are from the flagellin or STM1540 proteins of Salmonella enterica serovar Typhimurium (Maybeno et al., 2012; McSorley et al., 2000) ; the OVA2C and OVA3C peptides are from chicken ovalbumin (Moon et al., 2011; Robertson et al., 2000) ; the RpIF, Aasf, and PmpG-1 peptides are from ribosomal protein L6, anti-anti-sigma factor, and polymorphic membrane protein G of Chlamydia muridarum (Li and McSorley, 2013) ; the LLO peptide is from the listeriolysin O protein of Listeria monocytogenes (Geginat et al., 2001; Pepper et al., 2011) ; the CTB peptide is from the cholera toxin B subunit of Vibrio cholerae (Cong et al., 1996) ; the GP66 peptide is from glycoprotein 1 of Lymphocytic choriomeningitis virus (Oxenius et al., 1995) ; the CD4Ag28m peptide is from a putative transmembrane protein of Toxoplasma gondii (Grover et al., 2012) ; the Derp1 peptide is from the Der fI protein of Dermatophagoides farinae (Hoyne et al., 1994) ; the MOG peptide is from mouse myelin oligodendrocyte glycoprotein (Mendel et al., 1995) ; the calnexin peptide is from the calnexin protein of Blastomyces dermatitidis; the Cda2 peptide is from the chitin deacetylase 2 protein of Cryptococcus neoformans; and the eGFP peptide is from enhanced green fluorescent protein. The 2W (Rees et al., 1999) , 3K (Rees et al., 1999) , 2W109, and 1G1W (Chu et al., 2010) peptides are variants of the E alpha peptide from the I-E MHCII molecule (Murphy et al., 1992) . E S A T 6 Determining the TCR Contact Amino Acids in Nonamer Core Peptides To determine whether clonal deletion based on TCR cross-reactivity contributed to the variation in naive population size, it was necessary to identify the TCR contact amino acids in the foreign peptides. An I-A b peptide-binding motif (Liu et al., 2002; Zhu et al., 2003) was used to identify the most likely nonamer cores for the foreign peptides shown in Table 1 . It was not necessary to identify the core for five of the peptides, because they were locked into the I-A b molecule in the register shown in Table 1 using a disulfide trap strategy (Stadinski et al., 2010) . If the I-A b binding nonamer cores shown in Table 1 are correct, then P5 should be the most important amino acid for TCR recognition because the CDR3s of TCRs generally interact with this amino acid (Marrack et al., 2008) . Sets of 11 peptides, each 11 amino acids long and containing an alanine substitution at P-1 to P10, were prepared for each of 13 I-A b -binding foreign parent peptides to test this possibility. All alanine-substituted peptides were predicted to bind I-A b because alanine is a favorable residue for all of the pockets in this MHCII molecule (Liu et al., 2002; Zhu et al., 2003) . Eleven amino acid peptides were used because it was not clear whether amino acids flanking the nonamer core could serve as additional TCR contacts (Huseby et al., 2005) . Mice were primed with the parent peptides in CFA, and 2 weeks later, CD4 + T cells from the draining lymph nodes were stimulated with the parent peptide used for priming or the alanine substituted peptides. The T cell response was then measured by ELISPOT. Alanine substitutions at the predicted P5 residues reduced reactivity by parent peptide-primed T cells by an average of 90% ( Figure 2A ). Substitutions at P2 or P8 also reduced T cell reactivity by at least 65% as predicted for TCR contact residues (Huseby et al., 2005) . In contrast, substitutions at P1 or P9, as well as the flanking amino acids, reduced T cell reactivity on average less than 30%. These results are consistent with P2, 5, and 8 being TCR contact residues for these I-A b -bound peptides. Substitutions at I-A b anchor residues P4, 6, and 7 reduced reactivity by parent peptide-primed T cell populations by at least 50%. Because there was some variability in the effect of alanine substitution across the 13 peptides as evidenced by the large standard deviations in Figure 2A , an unsupervised clustering of the alanine scan data was performed as an independent way to identify the important TCR contacts ( Figure 2B ). P2, 5, and 8 clustered and had the largest effects on TCR recognition. P7 was also in this cluster. P3, 4, and 6 formed another cluster with smaller effects, while P-1, 1, 9, and 10 clustered for the smallest effects on TCR specificity. On the basis of these results, it is likely that P2, 5, 7, and 8 are the main TCR contacts for I-A bbound peptides. P7 might serve as both a TCR contact and an I-A b anchor because it occupies a shallow pocket allowing its side chain to protrude for recognition by TCRs (Zhu et al., 2003) . P3 might also be in this category. P4 and P6 could have affected TCR specificity indirectly by altering the positions of the upward pointing residues because it is likely that P4 and P6 are buried in the I-A b molecule (Zhu et al., 2003) and thus unavailable for direct interaction with the TCR.
TCR Contact Amino Acid Conservation Predicts p:MHCII Cross-Reactivity within Polyclonal CD4 + T Cell Populations
The knowledge that P2, 5, 7, and 8 are the main TCR contacts for I-A b -bound peptides made it possible to test the limits of TCR cross-reactivity in this system. Over 1,000 bacterial proteomes were searched for predicted I-A b -binding nonamer peptides (Zhu et al., 2003) that matched immunogenic peptides from listeriolysin O (LLO) of Listeria monocytogenes, glycoprotein 1 of Lymphocytic choriomeningitis virus (GP66), or 3K or 2W variants of an MHCII peptide at P2, 5, 7, and 8 but at most one of the P1, 4, 6, or 9 residues. Three such peptides were selected for 3K, 1 for LLO, 4 for GP66, and 5 for 2W. B6 mice were then primed with the parent peptides or the corresponding variant peptides, and the number of responding Self p:MHCII Cross-Reactivity Limits Naive Population Size and Responsiveness to Homologous Foreignp:MHCII The results raised the possibility that TCR cross-reactivity between self and foreign peptides could lead to reductions in the sizes of foreign peptide-specific naive populations because of clonal deletion. To determine whether this phenomenon could occur, we examined Act-2W transgenic mice that express 2W as a self peptide under the control of the actin promoter (Moon et al., 2011) for the presence of T cells specific for a related peptide called 2W109, which has the same amino acids as 2W at P2, 3, 5, 7, and 8 but different residues at P1, 4, 6, and 9 (Table 1, at least 50% when stimulated with peptides containing alanine substitutions at P-1, 2, 5, or 8 ( Figure 4E , black bars). In contrast, the reactivity of the 2W109:I-A b -specific population in Act-2W mice was reduced by at least 50% when stimulated with peptides containing substitutions at P-1, 1, 2, 3, 4, 5, 6, 7, or 8 (Figure 4E, foreign peptides shown in Table 1 ( Figure S1 ). The stringency of the search was reduced to include any combination of 4 out of 5 identical amino acid residues at P2, 3, 5, 7, and 8 to capture any self peptide that could have an effect. Mouse-peptide homologs were identified for all the foreign peptides, with a range of 3 to 183 (Table S1 ). A significant inverse correlation was observed between naive CD4 + T cell population size and the number of self-peptide homologs ( Figure 4G ), although the r 2 value was only 0.27. These results support the conclusion that TCR cross-reactivity on self-peptide homologs plays some role in determining the size of MHCII-bound foreign peptide-specific CD4 + T cell populations.
Small Foreign p:MHCII-Specific T Cell Populations Contain Cells with Low-Affinity TCRs
The relatively weak correlation in Figure 4G spurred a search for additional evidence that clonal deletion sculpts naive CD4 + T cell population size. Earlier work indicated that self p:MHCII-specific T cells that survived clonal deletion bound tetramer poorly due to expression of low-affinity TCRs (Moon et al., 2011; Zehn and Bevan, 2006) . On the basis of this observation, we determined whether tetramer binding intensity could be used to identify foreign p:MHCII-specific populations that experienced clonal deletion on a related self p:MHCII ligand. Indeed, as shown in Figure Table 1 revealed a highly significant correlation between the number of cells in a given population and their tetramer binding intensity ( Figure 5D ). These results indicate that small foreign p:MHCIIspecific naive populations have lost cells with the highest-affinity TCRs due to deletion of clones that also recognize self p:MHCII ligands.
A Tissue-Restricted Self p:MHCII Ligand Is Recognized by a Large Naive T Cell Population The results indicated that negative selection on a self-peptide homolog could reduce the size of a foreign peptide-specific CD4 + T cell population. We considered the corollary case in which a self-peptide-specific CD4 + T cell population that had not undergone complete deletion could be triggered to cause autoimmunity by a foreign peptide with the same TCR contact amino acids. This idea was tested with myelin oligodendrocyte glycoprotein (MOG) peptide 40-48, which causes experimental autoimmune encephalomyelitis (EAE) in B6 mice when injected with CFA and pertussis toxin (Miller et al., 2010) . B6 mice that were not immunized with MOG contained about 250 MOG:I-A b -specific CD44 lo naive CD4 + T cells ( Figures 6A and 6B) , which was at the high end of the range for I-A b -bound foreign peptides ( Figure 1B) . Bacterial proteomes were then searched for peptides predicted to bind I-A b and matching MOG at P1, 2, 5, 7, and 8 but differing at P3, 4, 6, and 9. Matching at P1 was maintained because alanine substitution experiments showed that P1 was critical for TCR recognition of MOG:I-A b (data not shown). Numerous peptides fitting the criteria were identified and three were selected to immunize B6 mice. As shown in Figures -specific T cells, also caused EAE ( Figure 6E ). These results demonstrate that a large naive population specific for a tissue-restricted self peptide can be activated by bacterial-peptide homologs to induce autoimmunity.
DISCUSSION
Work on multiple MHCII molecules has led to the conclusion that many TCRs cross-reactive on peptides with the same surface exposed amino acids but different MHCII-anchor residues (Birnbaum et al., 2014; Lucca et al., 2014; Su et al., 2013) . Our results confirm this conclusion for the I- -binding peptides sharing four putative TCR contact amino acids but at most one MHCII anchor amino acid with the parent peptide were immunogenic for T cells specific for the parent peptide. In addition, we found that this type of TCR cross-reactivity extended to negative selection as evidenced by the loss of cells with 2W:I-A b and 2W109:I-A b -specific TCRs in mice expressing the 2W peptide. These results suggested that many TCRs focus primarily on the TCR contact amino acids no matter how the peptide is anchored to MHCII. This conclusion is supported by structural biology studies showing that peptides that bind MHCII with different amino acids but have the same upward pointing amino acids orient those amino acids in very similar (but nonidentical) ways and are bound with the same footprint by cross-reactive TCRs (Birnbaum et al., 2014) . (Zhu et al., 2003) . Rather, it is likely that the different anchor amino acids in the two peptides produce two subtly different conformations of the identical TCR contact amino acids. B6 mice have T cells with TCRs that can distinguish the two conformations and others that cannot. Act-2W mice lacked the cross-reactive T cells, presumably because of clonal deletion on 2W:I-A b complexes, but retained the ones specific for the conformation of TCR contacts that depends on the 2W109 MHCII anchors. It is therefore not surprising that changes to Table 1 at a minimum of four out of five TCR contact positions (P2, P3, P5, P7, P8). For each point, the y axis value represents the mean from Figure 1C for an individual peptide. Spearman's Rho test, a rank order test that makes no assumptions about linearity, also revealed a significant correlation between these variables (p = 0.006), which was maintained even if the population with 183 self homologs was removed from the analysis (p = 0.02).
any of the anchor amino acids negated the reactivity of these T cells. (Moon et al., 2011; Zehn and Bevan, 2006) . Thus, large naive populations may be especially valuable to the host because they generate large numbers of effector cells expressing high affinity TCRs that are more tolerant to MHC-anchor variants of peptides produced by pathogens.
The inverse correlation between the number of cells in a foreign peptide-specific naive T cell population and the number of predicted self peptides with similar TCR contacts is evidence that small populations are pared by deletion of clones with self p:MHC-specific TCRs. It is important to note, however, that this correlation was relatively weak. One reason for this could be that peptides that share TCR contact amino acids but have different MHCII anchor amino acids are often, but not always, recognized by the same TCRs. This uncertainty means that some of the mouse peptides that were predicted to cause negative selection probably do not. Another reason could be that many of the predicted mouse peptides are in parent proteins that are not expressed by thymic antigen-presenting cells or are not processed correctly to release the peptide. Additionally, other factors such as the chemistry of TCR contact amino acids likely influence naive cell population size (Chu et al., 2010; Turner et al., 2005) .
Our findings might also be relevant for certain forms of autoimmunity caused by tissue-restricted self peptides. We found that one such peptide from MOG was recognized by a large naive T cell population. The number of MOG:I-A b -specific T cells might be even larger than described here because some cells with low-affinity TCRs are probably not detected by p:MHCII tetramer staining (Sabatino et al., 2011) . Each point represents values for an individual peptide. For each point, the y axis value represents the mean from Figure 1C for an individual peptide and the x axis value the mean for that peptide from two independent experiments.
be activated by a microbial mimic peptide. A similar situation might exist for humans as it has been shown that several microbial peptides stimulated myelin basic protein peptide:HLA-D specific T cell clones (Birnbaum et al., 2014; Wucherpfennig and Strominger, 1995) . These studies suggest that a better understanding of TCR cross-reactivity and negative selection might make it possible to identify the infections that trigger autoimmunity. 
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